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Clinical PerspectiveWhat Is New?Induced pluripotent stem cell--derived cardiomyocytes (iCM) and iCM‐derived exosomes provide comparable therapeutic benefit in murine and in vitro models of cardiac ischemia.iCM‐derived exosome treatment reduces apoptosis and fibrosis post--myocardial infarction.iCM‐derived exosomes promote autophagy and autophagic flux in hypoxic cardiomyocytes and in the peri‐infarct region.What Are the Clinical Implications?iCM‐derived exosomes are a potential cell‐free, nontumorigenic therapy to facilitate clinical translation of induced pluripotent stem‐cell technology.

 {#jah34913-sec-0008}

Nonstandard Abbreviations and Acronyms**iCM** iPSC‐derived iCM**iCM‐ExiCM‐derived exosomesiPSC** induced pluripotent stem cell**LVEF** left ventricular ejection fraction**MEMRI** manganese‐enhanced MRI**MI** myocardial infarction**MMP** mitochondrial membrane potential**NTA** nanoparticle tracking analysis**PIR** peri‐infarct region**TEM** transmission electron microscopy

Introduction {#jah34913-sec-0009}
============

The development of patient‐specific induced pluripotent stem cells (iPSCs) has unprecedented therapeutic potential for the treatment of cardiac ischemia arising from myocardial infarction (MI). iPSCs can be readily differentiated into contractile cardiomyocytes (iCMs) and transplanted into the myocardium.[1](#jah34913-bib-0001){ref-type="ref"}, [2](#jah34913-bib-0002){ref-type="ref"} Despite initial enthusiasm, the lack of sustained cell engraftments has restricted clinical translation.[3](#jah34913-bib-0003){ref-type="ref"}, [4](#jah34913-bib-0004){ref-type="ref"} Intriguingly, even in cases of minimal iCM engraftment, we and other groups have reported significant improvement in cardiac function and attribute much of the putative effect to paracrine factors.[5](#jah34913-bib-0005){ref-type="ref"}, [6](#jah34913-bib-0006){ref-type="ref"}, [7](#jah34913-bib-0007){ref-type="ref"}

Exosomes are a subset of extracellular vesicles and are important messengers of paracrine activity. They are typically 30 to 150 nm in diameter[8](#jah34913-bib-0008){ref-type="ref"} and are found abundantly in the secretome of many cell types, including cardiac progenitor cells,[9](#jah34913-bib-0009){ref-type="ref"} embryonic stem cells,[10](#jah34913-bib-0010){ref-type="ref"} and iPSCs.[11](#jah34913-bib-0011){ref-type="ref"} Exosomes carry various bioactive molecules, such as microRNAs (miRNAs) and proteins, that reflect their cell of origin[12](#jah34913-bib-0012){ref-type="ref"} and functionally alter recipient cells. We previously reported the cardioprotective benefits of iCM transplantation[7](#jah34913-bib-0007){ref-type="ref"} and thus sought to determine if iCM‐derived exosomes may similarly have therapeutic potential.

Autophagy is a conserved metabolic process that involves the engulfment of cytoplasmic material into membrane‐bound vesicles called autophagosomes and the fusion and subsequent degradation of autophagosomes with lysosomes, releasing molecular building blocks and energy.[13](#jah34913-bib-0013){ref-type="ref"} Autophagy occurs constitutively on a basal level, but it is further activated during stress and starvation.[14](#jah34913-bib-0014){ref-type="ref"} Regulation of autophagosome turnover, hereafter referred to as autophagic flux, is essential to maintain cellular health. Impairment of autophagic flux has been linked to neurological, renal, inflammatory, and cardiovascular diseases.[14](#jah34913-bib-0014){ref-type="ref"} Groups have reported that various adult stem cell--derived exosomes may mediate autophagic signaling in recipient cells.[15](#jah34913-bib-0015){ref-type="ref"} It remains unknown, however, if iPSC and iPSC‐differentiated cells produce exosomes that regulate autophagy.

In this article we show that iCM‐derived exosomes (iCM‐Ex) largely mimic iCMs and preserve cardiac function, myocyte viability, and exert antiapoptotic signaling in MI models. We provide evidence that iCM‐Ex modulates signaling pathways upstream of autophagy and upregulates autophagy to maintain cardiac homeostasis. Finally, we demonstrate that autophagic flux, which is impaired in ischemic conditions, is restored by iCM‐Ex.

Methods {#jah34913-sec-0010}
=======

Detailed methods can be found in [Data S1](#jah34913-sup-0001){ref-type="supplementary-material"}.

In accordance with the Transparency and Openness Promotion Guidelines, the data that support the findings of this study are available from the corresponding author on request. This study has been approved by Stanford University School of Medicine Institutional Review Board committee and Institutional Animal Care and Use Committee (IRB Approval Number 17775, 31689; IACUC Assurance Number A3213‐01).

iCM‐Ex Isolation {#jah34913-sec-0011}
----------------

Exosomes were isolated from cell culture supernatant by polyethylene glycol precipitation as described by other groups.[16](#jah34913-bib-0016){ref-type="ref"}, [17](#jah34913-bib-0017){ref-type="ref"} iCM supernatant was collected, centrifuged at 1500*g* for 10 minutes, passed through a 0.22‐μm filter to remove cell debris, then incubated overnight with polyethylene glycol 8000 (Millipore Sigma, St. Louis, MO) at 4°C. The solution containing exosomes was then centrifuged at 1500*g* for 30 minutes and 300*g* for 5 minutes to form a pellet. The supernatant was removed, and the pellet was resuspended in sterile PBS.

In Vitro Hypoxia Model {#jah34913-sec-0012}
----------------------

Cell media were changed to glucose‐ and supplement‐deprived media and placed in a Hypoxia Inductor Chamber (Stemcell Technologies, Vancouver, BC, Canada). The oxygen content was reduced to 0% or 1% using a N~2~/CO~2~ gas mix. The chamber was subsequently placed in a 37°C incubator.

Murine Acute MI Model {#jah34913-sec-0013}
---------------------

Animal care and interventions were done in accordance with the Laboratory Animal Welfare Act and Stanford University Administrative Panel on Laboratory Animal Care. All animals received humane care and treatment in accordance with the *Guide for the Care and Use of Laboratory Animals* (<http://www.nap.edu/catalog/5140.html>). Female severe combined immunodeficient beige mice were purchased from Charles River (Wilmington, MA). The mice selected for surgeries were 60 to 100 days old, nonpregnant, and demonstrating normal grooming and ambulatory behavior. Experimental groups were randomized across multiple cages, litters, and location of mouse cages in the husbandry room. An unblinded researcher labeled control/treatment injections in an Eppendorf tube labeled with random numbers. Surgeons were blinded and labeled mice by injections using ear and/or tail cuts. Mice sustained MIs as previously described.[7](#jah34913-bib-0007){ref-type="ref"} A blinded surgeon injected 60 μL of iCM‐Ex (4×10^8^) or iCMs (500 000) suspended in a 1:1 mixture of PBS and Matrigel (Corning Life Sciences, Tewksbury, MA) at the peri‐infarct region (PIR): iCMs (n=6), iCM‐Ex (n=8), saline control (n=12). Matrigel was used to improve engraftment in the myocardium. Post‐MI magnetic resonance images (MRI) were collected and analyzed blindly. Mice with ejection fraction \>45% as measured by cardiac MRI were excluded from the final analysis. The final allocation of mice across control/experimental groups was concealed from the surgeon(s) and MRI operators.

Statistical Analyses {#jah34913-sec-0014}
--------------------

Data are presented as mean±SEM. Statistical significance was determined by Student t test for comparisons of 2 groups or by 1‐way ANOVA followed by a post hoc Tukey test for comparisons among 3 or more groups (Prism 8, GraphPad Software, San Diego, CA). For arrays, statistical analysis was performed using Affymetrix Expression Console and Transcriptome Analysis Console software and Ingenuity Pathway Analysis (Qiagen, Hilden, Germany).

Results {#jah34913-sec-0015}
=======

Characterization of iCMs and iCM‐Ex {#jah34913-sec-0016}
-----------------------------------

Whole‐cell patch clamp was used to assess iCM electrophysiological properties to determine specific cell types. Action potentials, iCM subtypes, and their respective patch clamp measurements of action potential durations and their specific characteristics confirm the cardiac phenotypes of the iCMs (Figure [1](#jah34913-fig-0001){ref-type="fig"}A through [1](#jah34913-fig-0001){ref-type="fig"}D; [Tables S1, S2](#jah34913-sup-0001){ref-type="supplementary-material"}). Extracellular vesicles from iCM‐conditioned media were precipitated then probed for expression of the canonical exosomal marker CD63 (Figure [1](#jah34913-fig-0001){ref-type="fig"}E; [Table S3A‐B](#jah34913-sup-0001){ref-type="supplementary-material"}). Nanoparticle tracking analysis of the precipitate revealed a homogeneous population of vesicles of diameter 80 to 200 nm with a mode at 142 nm (Figure [1](#jah34913-fig-0001){ref-type="fig"}F). Signals greater than 142 nm appeared to be multiples of 142 (eg, 295 ≈142×2), suggesting particle aggregates. These data indicated that extracellular vesicles were largely exosomes (iCM‐Ex) and not microvesicles or apoptotic bodies, which have been characterized as larger than exosomes. Finally, we imaged iCM‐Ex by immunogold transmission electron microscopy. The iCM‐Ex were incubated with an antibody for exosomal marker CD9, then conjugated to functionalized nanogold ([Table S3C‐D](#jah34913-sup-0001){ref-type="supplementary-material"}). CD9‐nanogold complexes were detected in iCM‐Ex samples as imaged by transmission electron microscopy, appearing as hyperintense dots (Figure [1](#jah34913-fig-0001){ref-type="fig"}G).

![**Characterization of iCMs and iCM‐Ex.**\
**A**, Schematic diagram of an action potential (AP) trace of iCMs, showing how results were analyzed to calculate AP duration at 50%, 70%, and 90% repolarization (APD ~50~, APD ~70~, and APD ~90~, respectively). **B**, Representative AP recordings using whole‐cell patch clamp of iPSC‐derived cardiomyocytes (iCMs). Cells exhibited AP morphologies that can be categorized as ventricular (V)‐, atrial (A)‐, or nodal (N)‐like CMs. **C**, Subtype distribution of iCMs (n=23). **D**, Patch‐clamp recordings of iCMs demonstrating maximal diastolic potential (MDP), action potential amplitude (APA), overshoot/peak voltage, V~max~ (maximal rate of depolarization), APD ~50~, APD ~70~, and APD ~90~. **E**,iCM‐conditioned medium was precipitated and immunoblotted for CD63 (red). **F**, Nanoparticle tracking analysis (NTA) measured sizes and concentration of EVs in the precipitate of iCM‐conditioned medium. **G**,TEM images of CD9‐nanogold iCM‐Ex. CD9 bonded to the antibody‐gold complexes appears as hyperintense dots (indicated by red arrows). CM indicates cardiomyocyte; EV, extracellular vesicles; iCM, induced CM; iCM‐Ex, exosomes secreted by iCM; iPSC, induced pluripotent stem cell; and TEM, transmission electron microscopy.](JAH3-9-e014345-g001){#jah34913-fig-0001}

iCM‐Ex Promote Survival of Hypoxic Cardiomyocytes {#jah34913-sec-0017}
-------------------------------------------------

We previously demonstrated that iCM transplantation enhances cardiomyocyte survival in ischemia largely through secretion of cardioprotective paracrine factors.[7](#jah34913-bib-0007){ref-type="ref"} Exosomes may be a vehicle for stem cell paracrine factors, and their molecular contents may mirror the parent cell. miRNA profiling of iCMs and iCM‐Ex revealed that the majority (97.4%) of miRNAs in iCM‐Ex were expressed at similar levels in iCMs (less than 2‐fold change) ([Figure S1A through S1C](#jah34913-sup-0001){ref-type="supplementary-material"}). miRNA expression within groups was normalized to housekeeping miRNAs.

We next determined if iCM‐Ex may confer cardioprotection in ischemic conditions. iCM‐Ex were transfected with fluorescent short interfering RNA and incubated with hypoxic iCM‐Ex. One hour later, hypoxic iCMs stained with cardiomyocyte troponin marker *TNNI3* showed positive colocalized short interfering RNA fluorescence, indicating successful uptake of iCM‐Ex in hypoxic conditions (Figure [2](#jah34913-fig-0002){ref-type="fig"}A; [Table S4E‐F](#jah34913-sup-0001){ref-type="supplementary-material"}). We also treated hypoxic iCMs with manumycin A (MA), a suppressor of exosome biogenesis through nSMase2 (neutral sphingomyelinase 2) inhibition. nSMase2 regulates exosome secretion by triggering the budding of exosomes into multivesicular bodies.[18](#jah34913-bib-0018){ref-type="ref"} Pharmacological inhibitors of nSMase2 (eg, MA) have been used to suppress exosome secretion.[19](#jah34913-bib-0019){ref-type="ref"}, [20](#jah34913-bib-0020){ref-type="ref"} An MA dose concurrent with work by Mittelbrunn and colleagues (10 μmol/L)[21](#jah34913-bib-0021){ref-type="ref"} successfully suppressed exosome biogenesis quantified by acetylcholinesterase activity (Figure [2](#jah34913-fig-0002){ref-type="fig"}B). iCMs were then exposed to acute hypoxia (8 hours, 0.1% to 0.3% O~2~) and treated with iCM‐Ex, MA, or neither and evaluated for early apoptosis by JC‐1 assay, which measures mitochondrial membrane potential (Figure [2](#jah34913-fig-0002){ref-type="fig"}C and [2](#jah34913-fig-0002){ref-type="fig"}D).[22](#jah34913-bib-0022){ref-type="ref"} Hypoxia significantly reduced mitochondrial membrane potential (normoxia 1.00±0.13 versus hypoxia (--) 0.46±0.06, *P*\<0.01), signifying early apoptosis. Treatment with autologous iCM‐Ex abrogated this effect and significantly restored mitochondrial membrane potential (hypoxia (--) versus hypoxia iCM‐Ex 0.81±0.08, *P*\<0.05). Additionally, MA exacerbated early apoptosis (hypoxia (--) versus hypoxia MA 0.04±0.01, *P*\<0.05), suggesting that suppression of endogenous exosomes worsens apoptosis. Taken together, these findings suggest that exosomes confer endogenous protection from apoptosis, and exogenous provision of iCM‐Ex may be cardioprotective.

![**iCM‐Ex are internalized and improve viability in iCMs after hypoxia.**\
**A**,iCM‐Ex labeled with fluorescent siRNA are internalized into hypoxic iCMs. Scale bar=50 μm. (**C**) Supernatants from 3 groups of iCMs were compared: normoxic, hypoxic untreated (−) control, and hypoxic + 10 μmol/L manumycin A (MA). Exosome quantity in the supernatant was measured by acetylcholinesterase (AChE) activity. (**C**) Mitochondrial membrane potential (MMP) was assessed by JC‐1 fluorescent assay of 4 groups: normoxia, hypoxia untreated (−) control, hypoxia + iCM‐Ex, and hypoxia + 10 μmol/L MA. Scale bar=100 μm. (**D**) MMP is significantly reduced in hypoxic (−) or MA‐treated cells and restored by iCM‐Ex. \*\**P*\<0.01, \*\*\**P*\<0.001. FC indicates fold change; iCM, induced cardiomyocyte; iCM‐Ex, exosomes secreted by iCM; siRNA, small interfering RNA; and (−), untreated control.](JAH3-9-e014345-g002){#jah34913-fig-0002}

iCM or iCM‐Ex Improve Cardiac Function and Cell Survival in Murine MI Model {#jah34913-sec-0018}
---------------------------------------------------------------------------

We next evaluated whether iCM‐Ex could provide cardioprotection in a murine MI model. Prior work by Wang et al[23](#jah34913-bib-0023){ref-type="ref"} suggested an effective dose of 2 μg/g (as determined by protein quantitation assays) of mesenchymal stem cell‐derived exosomes. We performed Bradford and nanoparticle tracking analyses and determined that 0.05 μg exosomes (for a 25‐mg mouse) equated to roughly 4×10^8^ particles and subsequently used this dose. To determine if Matrigel could enhance retention of injected nanoparticles, we compared injections of ferumoxytol in a mixture of Matrigel/PBS against ferumoxytol in PBS alone. Ferumoxytol nanoparticles in the mouse myocardium were detected as hypointense signals in cardiac MRI. Compared with the PBS group, ferumoxytol injected with Matrigel/PBS was retained longer, in greater volumes, and as a greater percentage of left ventricular (LV) area ([Figure S2](#jah34913-sup-0001){ref-type="supplementary-material"}). We therefore used a Matrigel/PBS mixture to inject iCM, iCM‐Ex, and the saline control.

Severe combined immunodeficient mice were subjected to acute MI and received intramyocardial injections of iCM (n=6), iCM‐Ex (n=8), or saline control (n=12). Cardiac MRI demonstrated preserved systolic function in iCM and iCM‐Ex mice compared with the control (Figure [3](#jah34913-fig-0003){ref-type="fig"}A). LV ejection fraction was significantly improved in iCM‐Ex mice at week 2 (control 24.8±1.6% versus iCM‐Ex 34.4±2.2%, *P*\<0.001) and week 4 (control 19.7±5.2% versus iCM‐Ex 35.7±1.7%, *P*\<0.001) post‐MI and in iCM‐treated mice at week 4 (control versus iCM 31.4±2.2%, *P*\<0.01). Myocardial viability, quantified by manganese‐enhanced MRI, was greater in iCM mice at week 2 (control 58.9±2.9% versus iCM 73.4±3.7%, *P*\<0.01) and at week 4 (control 46.0±2.4% versus iCM‐Ex 71.7±3.2%, *P*\<0.01) (Figure [3](#jah34913-fig-0003){ref-type="fig"}B). Longitudinal comparisons of LV ejection fraction demonstrated statistically significant differences between the week‐2 to week‐4 LV ejection fraction in control and iCM mice (control −6.9±1.9% versus iCM 5.0±2.0%, *P*\<0.01) and control and iCM‐Ex mice (control versus iCM‐Ex +3.9±1.1%, *P*\<0.01), but not between iCM and iCM‐Ex mice (Figure [3](#jah34913-fig-0003){ref-type="fig"}C). Myocardial viability between weeks 2 and 4 demonstrated a similar pattern, deteriorating in control mice but sustained following iCM treatment (control −7.1±1.5% versus iCM 3.4±2.9%, *P*\<0.01) or iCM‐Ex treatment (control versus iCM‐Ex 3.5±2.3%, *P*\<0.05). Percentage differences in viability of iCM and iCM‐Ex mice were statistically insignificant (Figure [3](#jah34913-fig-0003){ref-type="fig"}D). Together, these results indicate that iCM and iCM‐Ex comparably preserve cardiac function and viability.

![**iCM‐Ex improve cardiac function post‐MI in vivo.**\
**A**,LV end‐diastole and end‐systole MR images of mice treated with saline control, iCMs, or iCM‐Ex. LVEF measurements of saline control, iCM, and iCM‐Ex mice at weeks 2 and 4 post‐MI. **B**, Manganese‐enhanced MR images. Hypointensity denotes viable myocardium. Quantitation of myocardial viability weeks 2 and 4 post‐MI. **C**, Percentage differences in LVEF between week 2 and week 4. **D**, Percentage differences in myocardial viability between week 2 and week 4. **E**,LV sections from saline control, iCM, and iCM‐Ex mice stained with EdU (red) and TNNI3 (green) antibodies and Hoecsht 33 342 (blue). Scale bar=20 μm. **F**, Percentage of EdU‐positive cells and EdU‐/TNNI3 double‐positive cells in the PIR. Data are mean±SEM of minimum n=3. \**P*\<0.05, \*\**P*\<0.01, \*\*\**P*\<0.001. iCM indicates induced cardiomyocyte; iCM‐Ex, exosomes secreted by iCM; LV, left ventricular; LVEF, LV ejection fraction; MR, magnetic resonance; NS, not statistically significant; and PIR, peri‐infarct region.](JAH3-9-e014345-g003){#jah34913-fig-0003}

Increases in myocardial viability might be explained by endogenously proliferating stem cells in the mouse myocardium. To test this, mice were injected with 5‐ethynyl‐2′‐deoxyuridine (EdU), a synthetic labeled nucleoside to label sites of DNA synthesis. Immunohistochemistry revealed no observable differences in the incorporation of the labeled nucleoside in *TNNI3*‐stained cardiomyocytes of control, iCM, or iCM‐Ex mice, indicating no differences in proliferation (Figure [3](#jah34913-fig-0003){ref-type="fig"}E and [3](#jah34913-fig-0003){ref-type="fig"}F; [Table S3F‐G](#jah34913-sup-0001){ref-type="supplementary-material"}). These data suggest that differences in myocardial viability are not attributed to active regeneration of the mouse myocardium but may instead be explained by salvage of the existing but injured cells.

Trichrome staining of LV cross sections at week 4 post‐MI revealed significantly reduced fibrotic tissue in iCM and iCM‐Ex mice (control 40.8±0.6% versus iCM 3.3±1.5%, *P*\<0.001; control 40.8±0.6% versus iCM‐Ex 13.4±2.5%, *P*\<0.01) (Figure [4](#jah34913-fig-0004){ref-type="fig"}A and [4](#jah34913-fig-0004){ref-type="fig"}B). To test whether cardiomyocyte apoptosis is affected by iCM‐Ex, we stained LV tissue for double‐stranded DNA breaks (terminal deoxynucleotidyl transferase dUTP nick end labeling) and cardiac troponin I (*TNNI3*) (Figure [4](#jah34913-fig-0004){ref-type="fig"}C). There were significantly fewer terminal deoxynucleotidyl transferase dUTP nick end labeling--positive cardiomyocytes in iCM‐ or iCM‐Ex--treated hearts (control 33.1±3.0% versus iCM 6.6±6.6%, *P*\<0.001; control 33.1±3.0% versus iCM‐Ex 9.5±5.1%, *P*\<0.01) (Figure [4](#jah34913-fig-0004){ref-type="fig"}D; [Table S3F‐G](#jah34913-sup-0001){ref-type="supplementary-material"}). To venture into the mechanism in which iCM‐Ex confers antiapoptotic effects, we speculated whether the Bcl‐2 family proteins might be involved. Quantitative real‐time polymerase chain reaction of the tissues from the PIR demonstrated a trend of upregulation of prosurvival *BCL‐X* ~*L*~ and *BCL‐2* in the iCM and iCM‐Ex mice (Figure [4](#jah34913-fig-0004){ref-type="fig"}E and [4](#jah34913-fig-0004){ref-type="fig"}F; [Table S4A‐C](#jah34913-sup-0001){ref-type="supplementary-material"}). To study this finding, we sought to investigate the prosurvival mechanism caused by exosomes.

![**iCM‐Ex improve cardiac cell survival.**\
**A**, Masson trichrome--stained mid‐LV sections of saline control, iCM, and iCM‐Ex mice. **B**, Percentage of fibrotic area in LV. **C**,LV sections from saline control, iCM, and iCM‐Ex mice were costained with TUNEL (red) and TNNI3 (green) antibodies and Hoecsht 33 342 (blue). Scale bar=20 μm. **D**, Percentage of apoptotic cardiomyocytes. **E**,PIR of saline control, iCM, and iCM‐Ex mice was isolated for qRT‐PCR of (**E**) *BCL‐xL* and (**F**) *BCL‐2* expression, normalized to GAPDH. Data are mean±SEM of minimum n=3. \**P*\<0.05, \*\**P*\<0.01, \*\*\**P*\<0.001. iCM indicates induced cardiomyocyte; iCM‐Ex, exosomes secreted by iCM; LV, left ventricular; NS, not statistically significant; PIR, peri‐infarct region; qRT‐PCR, quantitative real‐time polymerase chain reaction; and TUNEL, terminal deoxynucleotidyl transferase dUTP nick end labeling.](JAH3-9-e014345-g004){#jah34913-fig-0004}

Pathway Regulation by iCM‐Ex Treatment in Murine Myocardial Injury Model {#jah34913-sec-0019}
------------------------------------------------------------------------

A key function of exosomes is to influence gene expression and physiological pathways in recipient cells. We conducted transcriptomic analyses of the PIR of iCM, iCM‐Ex, and control groups. Hierarchical clustering of gene expression demonstrated that iCM and iCM‐Ex groups exhibited more similar expression patterns with each other compared with controls, again suggesting that iCM and iCM‐Ex may be therapeutically interchangeable (Figure [5](#jah34913-fig-0005){ref-type="fig"}A).

![**Transcriptomic profiles and mTOR signaling in iCM‐Ex PIR.**\
**A**, Heat map and hierarchical clustering of transcriptome microarray data. PIR tissue was harvested from saline control (n=3), iCM (n=3), and iCM‐Ex (n=3) mice 4 weeks post‐MI. RNA was isolated and analyzed by transcriptome microarray. **B**, 1091 differentially expressed genes in treated (iCM,iCM‐Ex) mice vs saline control (*P*\<0.05, FDR=0.10). 886 genes were upregulated (\>2‐fold change), and 1015 genes were downregulated (\<2‐fold change). **C**, Pathway analysis of differentially expressed genes. **D**,mTOR signaling pathway annotated with differentially expressed genes. **E**,qRT‐PCR of PIR tissue from saline control and iCM‐Ex mice 4 weeks post‐MI to measure expression of genes involved in the mTOR signaling pathway. Data are mean±SEM of minimum n=3. \**P*\<0.05. FDR indicates false discovery rate; iCM, induced cardiomyocyte; iCM‐Ex, exosomes secreted by iCM; MI, myocardial infarction; PIR, peri‐infarct region; and qRT‐PCR, quantitative real‐time polymerase chain reaction.](JAH3-9-e014345-g005){#jah34913-fig-0005}

A total of 1901 genes exhibited biologically significant differential expression (*P*\<0.05, fold change \>\|2\|) in treated versus untreated groups (886 genes were upregulated, 1015 genes were downregulated) (Figure [5](#jah34913-fig-0005){ref-type="fig"}B). We conducted pathway analyses to predict the physiological consequences and narrow down possible targets of these differentially expressed genes. The most enriched pathways included PI3K‐Akt‐mTOR, insulin, and MAPK signaling pathways (Figure [5](#jah34913-fig-0005){ref-type="fig"}C). Ingenuity pathway analysis predicted overall inhibition of the mammalian target of rapamycin (mTOR) signaling pathway (Figure [5](#jah34913-fig-0005){ref-type="fig"}D). We validated expression of several genes through quantitative real‐time polymerase chain reaction (mTOR, control 1.00±0.13 versus iCM‐Ex 0.42±0.05, *P*\<0.05) (FKBP1, control 1.00±0.04 versus iCM‐Ex 2.31±0.37, *P*\<0.05) (Figure [5](#jah34913-fig-0005){ref-type="fig"}D; [Table S4C‐G](#jah34913-sup-0001){ref-type="supplementary-material"}). Together, these findings suggest that the inhibition of mTOR signaling in iCM‐Ex groups may explain the observed physiological effects.

iCM‐Ex Increases Autophagy and Autophagic Flux in Hypoxic iCMs {#jah34913-sec-0020}
--------------------------------------------------------------

Because mTOR inhibition and the Bcl‐2 family are known regulators of autophagy, we hypothesized that autophagy may be modulated by iCM‐Ex. The transcriptome of iCM‐Ex mice revealed enrichment of other signaling pathways that mediate autophagy (insulin and MAPK signaling pathways) (Figure [5](#jah34913-fig-0005){ref-type="fig"}C). Additionally, we found that induction of autophagy by rapamycin significantly preserves mitochondrial membrane potential in hypoxic iCMs ([Figure S3](#jah34913-sup-0001){ref-type="supplementary-material"}): hypoxia (−) 0.46±0.06 versus hypoxia rapamycin 0.92±0.12, *P*\<0.05. We therefore hypothesized that autophagy may be a major mechanism through which iCM‐Ex treatment protects cardiomyocytes from ischemia‐induced cell death.

To detect the differences in autophagy in vivo, we performed transmission electron microscopy of the PIR 3 days post‐MI (Figure [6](#jah34913-fig-0006){ref-type="fig"}A). There were significantly more autophagosomes per unit area in iCM‐Ex mice (control 9.9±0.9 versus iCM‐Ex 15.8±1.5, *P*\<0.05) (Figure [6](#jah34913-fig-0006){ref-type="fig"}B). In vitro, we found that iCM‐Ex treatment modulates proautophagy genes *Beclin‐1* and *Bnip3* in hypoxic iCMs, providing further evidence of increased autophagy activation (*Beclin‐1* (--) 1.0±0.9 versus iCM‐Ex 1.3±0.04, *P*\<0.5) (Figure [6](#jah34913-fig-0006){ref-type="fig"}C and [6](#jah34913-fig-0006){ref-type="fig"}D; [Table S4L‐K](#jah34913-sup-0001){ref-type="supplementary-material"}).

![**Autophagy is upregulated in hypoxic cells treated with iCM‐Ex.**\
**A**, Mice were subjected to acute MI, injected with saline control (n=3) vs iCM‐Ex (n=5), and euthanized 3 days post‐MI. TEM was used to detect autophagosomes in the PIR (red arrows). Scale bar=1 μm. **B**, Quantification of autophagosomes per area. **C**,*Beclin‐1* and (**D**) *Bnip3* gene expression of iCMs exposed to hypoxia and untreated (−) or treated with iCM‐Ex. **F**, p62 was detected by IB in normoxic, hypoxic untreated (−), or hypoxic iCM‐Ex--treated iCMs. **G**, Densitometric quantitation of p62 expression. **H**,LC3‐II was detected by IB in normoxic, hypoxic untreated (−), or hypoxic iCM‐Ex--treated iCMs. **I**, Densitometric quantitation of LC3‐II expression. Data are mean±SEM of minimum n=3. \**P*\<0.05, \*\*\**P*\<0.001. IB indicates immunoblotting; iCM, induced cardiomyocyte; iCM‐Ex, exosomes secreted by iCMs; MI, myocardial infarction; PIR, peri‐infarct region; TEM, transmission electron microscopy; and (--), untreated control.](JAH3-9-e014345-g006){#jah34913-fig-0006}

We confirmed these findings through examination of well‐established protein markers of autophagy. We observed that p62 selectively binds and delivers ubiquitinated proteins to the autophagosome for degradation. On activation of autophagy, cytoplasmic LC‐I protein is cleaved into LC3‐II and inserted into the mature autophagosome membrane. Decreases in p62 and increases in LC3‐II expression are correlated with increased numbers of autophagosomes. Hypoxia significantly reduced p62 expression (normoxia 1.00±0.07 versus hypoxia (--) 0.57±0.07, *P*\<0.05) and increased LC3‐II expression (normoxia 1.00±0.15 versus hypoxia (--) 2.66±0.33, *P*\<0.001). iCM‐Ex treatment further reduced p62 (normoxia versus iCM‐Ex 0.25±0.02, *P*\<0.001; hypoxia versus hypoxia iCM‐Ex, *P*\<0.05) and increased LC3‐II expression (control versus iCM‐Ex 3.76±0.23, *P*\<0.001; hypoxia (--) versus hypoxia iCM‐Ex, *P*\<0.05) (Figure [6](#jah34913-fig-0006){ref-type="fig"}F through [6](#jah34913-fig-0006){ref-type="fig"}I (--); [Table S3H‐L](#jah34913-sup-0001){ref-type="supplementary-material"}). Therefore, significantly greater quantities of autophagosomes may be found in hypoxic cardiomyocytes treated with iCM‐Ex.

Overexpression of autophagy markers can be reflective of a block in autophagosome degradation (ie, reduced autophagic flux) or enhanced autophagosome production matched with ongoing clearance via lysosomal fusion (ie, enhanced autophagic flux). We found upregulation of proautophagy gene *Atg5* in the PIR of iCM‐Ex mice 4 weeks post‐MI, suggesting prolonged autophagy activation (control 1.00±0.12 versus iCM‐Ex 2.0±0.3, *P*\<0.05) ([Table S4E, H](#jah34913-sup-0001){ref-type="supplementary-material"}). Autophagosome accumulation without clearance is associated with cytotoxicity[24](#jah34913-bib-0024){ref-type="ref"} and cardiomyocyte death.[25](#jah34913-bib-0025){ref-type="ref"} We therefore sought to determine if autophagosomes continued to accumulate or were degraded in hypoxic cardiomyocytes treated with iCM‐Ex.

Researchers have reported that hypoxia‐ischemia induces autophagic flux in vitro in a time‐dependent manner, with a peak between 12 and 24 hours.[26](#jah34913-bib-0026){ref-type="ref"}, [27](#jah34913-bib-0027){ref-type="ref"} To allow for autophagosome‐lysosome fusion, we extended our hypoxia duration to 18 hours and reduced hypoxic severity to 1% O~2~, as prolonged exposure to 0% O~2~ resulted in near‐total cell death (data not shown). Under these conditions, we found significant overexpression of *Atg5* (normoxia 1.00±0.04 versus iCM‐Ex 0.57±0.23) (Figure [7](#jah34913-fig-0007){ref-type="fig"}B and [7](#jah34913-fig-0007){ref-type="fig"}C) and downregulation of p62 following iCM‐Ex treatment (normoxia versus hypoxia iCM‐Ex 0.82±0.11, *P*\<0.01; hypoxia (--) versus hypoxia iCM‐Ex, *P*\<0.05) (Figure [7](#jah34913-fig-0007){ref-type="fig"}D and [7](#jah34913-fig-0007){ref-type="fig"}E; [Table S3H, J‐M](#jah34913-sup-0001){ref-type="supplementary-material"}), again demonstrating increased autophagy activation. Interestingly, we found no statistically significant differences between normoxic and hypoxic untreated cardiomyocytes in these markers (Figure [7](#jah34913-fig-0007){ref-type="fig"}C through [7](#jah34913-fig-0007){ref-type="fig"}E). However, LC3‐II was significantly overexpressed in untreated hypoxic cardiomyocytes (normoxia 1.00 versus hypoxia (--) 1.57±0.20, *P*\<0.05) (Figure [7](#jah34913-fig-0007){ref-type="fig"}F; [Table S3I‐L](#jah34913-sup-0001){ref-type="supplementary-material"}). We next compared the relative rates of autophagosome clearance or flux, as measured by the ratio of LC3‐II expression with and without a lysosome inhibitor, Bafilomycin A1 (Figure [7](#jah34913-fig-0007){ref-type="fig"}G). Untreated hypoxic cardiomyocytes had significantly impaired autophagic flux compared with the normoxic control (normoxia 2.33±0.16 versus hypoxia (--) 1.47±0.02, *P*\<0.05). iCM‐Ex--treated groups had significantly reduced LC3‐II expression (Figure [7](#jah34913-fig-0007){ref-type="fig"}F) (hypoxia (--) versus hypoxia iCM‐Ex 0.93±0.11, *P*\<0.05), but enhanced autophagic flux (hypoxia (--) versus hypoxia iCM‐Ex 2.37±0.3, *P*\<0.05) (Figure [7](#jah34913-fig-0007){ref-type="fig"}G). These data suggest that iCM‐Ex promotes autophagosome production and restores autophagic flux in hypoxic cardiomyocytes.

![**Autophagic flux is enhanced by iCM‐Ex.**\
**A**,*Atg5* expression in PIR tissue of saline control and iCM‐Ex mice measured by qRT‐PCR. Samples harvested 4 weeks post‐MI. **B**, Atg5 was detected by IB in normoxic, hypoxic untreated (−), or hypoxic iCM‐Ex--treated iCMs. **C**, Densitometric quantitation of Atg5 expression. **D**, p62 and LC3‐II was detected by IB. Groups were treated with 100 nmol/L Bafilomycin A1 4 hours before lysis. **E**, Densitometric quantitation of p62 expression. **F**, Densitometric quantitation of LC3‐II expression. **G**, Ratios of LC3‐II expression in groups treated with Bafilomycin A1 and untreated. Data are mean±SEM of minimum n=3. \**P*\<0.05, \*\**P*\<0.01. Baf indicates Bafilomycin; IB, immunoblotting; iCM, induced cardiomyocyte; iCM‐Ex, exosomes secreted by iCMs; MI, myocardial infarction; Norm, normal; PIR, peri‐infarct region; qRT‐PCR, quantitative real‐time polymerase chain reaction; and (--), untreated control.](JAH3-9-e014345-g007){#jah34913-fig-0007}

Discussion {#jah34913-sec-0021}
==========

Exosomes are important messengers of intercellular communication and contain small nucleotides, proteins, and cytoplasmic content reflective of their parent cell. As such, exosomes have the capacity to mediate the beneficial paracrine effects of stem cell therapy. Previous studies have demonstrated that stem cell--derived exosomes may stimulate cardiac repair following ischemic injury by reducing infarct size (bone marrow--derived mesenchymal stem cell exosomes),[28](#jah34913-bib-0028){ref-type="ref"} fibrosis (cardiac progenitor cell exosomes),[29](#jah34913-bib-0029){ref-type="ref"} and conferring antiapoptotic signaling to the injured myocardium (human umbilical cord mesenchymal stem cell exosomes).[30](#jah34913-bib-0030){ref-type="ref"} Relevant to our studies, several groups have evaluated embryonic stem cell-- and iPSC‐derived exosomes for repair of myocardial injuries[31](#jah34913-bib-0031){ref-type="ref"} and have demonstrated improved cardiac function. We previously reported that terminal differentiation of pluripotent stem cells to cardiomyocytes before injection significantly improves the restorative potential of the transplanted cells.[7](#jah34913-bib-0007){ref-type="ref"} Significant cardiac repair was observed despite poor engraftment, suggesting that putative effects may be largely due to the action of released bioactive molecules. We thus hypothesized that exosomes, a significant constituent of the cell secretome, may mediate iCM‐based repair.

Significant Findings {#jah34913-sec-0022}
--------------------

In the present study we examined the therapeutic potential of iCMs and their secreted exosomes (iCM‐Ex) for treatment of myocardial infarctions. Our main findings are the following: (1) iCM‐Ex enhance cardiomyocyte survival in hypoxia and cardiac function in a murine myocardial infarction model similar to cell transplantation; (2) iCM‐Ex confer transcriptional changes to the peri‐infarct region, particularly impacting mTOR signaling; and (3) autophagy and autophagic flux are upregulated by iCM‐Ex. Our findings indicate that iCM‐Ex may be an equally effective bioactive substitute to live cell injections for repair of the ischemic myocardium.

Autophagosome Production and Flux {#jah34913-sec-0023}
---------------------------------

Previous work from our laboratory demonstrated that transplantation of pluripotent or terminally differentiated stem cells has limited potential to regenerate cardiomyocytes in vivo, but cardiac function can be restored by rescuing the hibernating or injured cardiomyocytes in the sublethal PIR. Autophagy, a conserved degradation process to recycle organelles and protein, is activated during myocardial hypoxia and/or nutrient deprivation.[32](#jah34913-bib-0032){ref-type="ref"} The autophagic process is highly dynamic and involves sequestration of cytoplasmic components into an elongating phagophore, maturation of the phagophore into an autophagosome, and autophagosome fusion with a lysosome to degrade and release its contents.[33](#jah34913-bib-0033){ref-type="ref"}

The consequences of autophagy upregulation during hypoxia‐ischemia stress are complex. Numerous studies have linked autophagy activation to improvement in cardiac function[34](#jah34913-bib-0034){ref-type="ref"} and fibrosis reduction.[35](#jah34913-bib-0035){ref-type="ref"} Paradoxically, other groups have demonstrated that overactivation of autophagy in ischemia is pathogenic.[36](#jah34913-bib-0036){ref-type="ref"}, [37](#jah34913-bib-0037){ref-type="ref"} The most common methods of measuring autophagic activity include immunoblotting for autophagosome markers. Overexpression, commonly misinterpreted as enhanced autophagy, may instead reflect autophagosome accumulation and a block in degradation.[33](#jah34913-bib-0033){ref-type="ref"}, [38](#jah34913-bib-0038){ref-type="ref"} Indeed, there is a growing body of evidence demonstrating that autophagosome clearance is impaired in hypoxia‐ischemia and that restoration of this process can promote myocyte survival.[25](#jah34913-bib-0025){ref-type="ref"}, [39](#jah34913-bib-0039){ref-type="ref"}

In our study we found that hypoxia‐ischemia injury induces a significant increase in autophagosome production in cardiomyocytes. Untreated hypoxic cardiomyocytes demonstrated inconsistent autophagy regulation and impaired flux compared with the normoxic control, whereas iCM‐Ex promoted both autophagosome production and clearance. Autophagic flux is necessary to release energy and anabolic building blocks; dysregulation of this process may be detrimental in conditions of stress.[40](#jah34913-bib-0040){ref-type="ref"} We speculate that increased autophagy may be therapeutic in hypoxia‐ischemia injury. Cardioprotective effects may be compromised by inadequate autophagic flux. Increasing both sides of autophagy---formation and degradation---may represent a promising intervention for ischemic cardiomyopathy.

mTOR Signaling {#jah34913-sec-0024}
--------------

The mTOR signaling pathway is an important regulator of multiple cellular processes, including autophagy, apoptosis, cell growth and metabolism, and protein synthesis.[41](#jah34913-bib-0041){ref-type="ref"}, [42](#jah34913-bib-0042){ref-type="ref"} Groups have reported mTOR as a possible target of various stem cell--derived exosomes.[43](#jah34913-bib-0043){ref-type="ref"}, [44](#jah34913-bib-0044){ref-type="ref"} Liu and colleagues attribute the cardioprotective role of MSC exosomes to changes in AMPK‐mTOR and Akt‐mTOR pathways.[15](#jah34913-bib-0015){ref-type="ref"} We demonstrate that iCM‐Ex inhibit mTOR signaling in the recipient PIR. This inhibition may be directly affected by exosomal molecules or may be the result of the converging changes to repair the injured heart. Although we found mTOR signaling to be particularly enriched by iCM‐Ex treatment, transcriptomic analyses identified other signaling pathways that may contribute to the observed phenotype. Given the complex nature of exosomes and their contents, we postulate that mTOR inhibition and autophagy may not be the only downstream mechanism of iCM‐Ex.

Limitations {#jah34913-sec-0025}
-----------

Although we found the mTOR signaling pathway to be particularly enriched in our iCM‐Ex groups, pathway analyses identified other signaling pathways that may contribute to the phenotype. Finally, although we found a direct correlation between iCM‐Ex treatment and mTOR signaling, quantities of autophagosomes, and expression of several autophagy‐related genes and LC3B‐II protein, further work should be done to elucidate the detailed mechanism behind iCM‐Ex modulation of the mTOR signaling pathway and autophagy.

Conclusions {#jah34913-sec-0026}
===========

iCM‐Ex transplantation significantly improves cardiac function and myocyte viability and can substitute for parent cell injections. The beneficial effects of iCM‐Ex may be partly due to enhanced autophagosome production and flux in hypoxia‐ischemia injury. iCM‐Ex modulate several signaling pathways in recipient cells, including the mTOR signaling pathway. Future studies of iCM‐Ex and their modulation of autophagy may further delineate their potential as a cell‐based but cell‐free treatment of myocardial infarctions.
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